Glioblastoma (GBM) represents the most common and most malignant type of primary brain tumor and significantly contributes to cancer morbidity and mortality. Invasion into the healthy brain parenchyma is a major feature of glioblastoma aggressiveness. Reelin (RELN) is a large secreted extracellular matrix glycoprotein that regulates neuronal migration and positioning in the developing brain and sustains functionality in the adult brain. We here show that both RELN and its main downstream effector DAB1 are silenced in glioblastoma as compared to non-neoplastic tissue and mRNA expression is inversely correlated with malignancy grade. Furthermore, RELN expression is positively correlated with patient survival in two large, independent clinically annotated datasets. RELN silencing occurs via promoter hypermethylation as shown by both database mining and bisulfite sequencing of the RELN promoter. Consequently, treatment with 5 0 -Azacytidine and trichostatin A induced RELN expression in vitro. On the functional level, we found RELN to regulate glioblastoma cell migration both in a DAB1 (tyrosine phosphorylation)-dependent and -independent fashion, depending on the substrate provided. Moreover, stimulation of RELN signaling strongly reduced proliferation in glioblastoma cells. This phenotype depends on DAB1 stimulation by RELN, as a mutant that lacks all RELN induced tyrosine phosphorylation sites (DAB1-5F) failed to induce a growth arrest. Proteomic analyzes revealed that these effects are mediated by a reduction in E2F targets and dephosphorylation of ERK1/2. Taken together, our data establish a relevance of RELN signaling in glioblastoma pathology and thereby might unearth novel, yet unrecognized treatment options.
INTRODUCTION
Glioblastoma (GBM) represents the most common and most malignant form of primary brain tumor. Despite an aggressive combination of surgery followed by radiochemotherapy and numerous clinical trials on innovative treatment options, the overall improvements achieved are moderate (45) . Thus, the identification of novel molecules and signaling pathways involved in glioblastoma pathology are urgently needed. A hallmark of glioblastoma malignancy is the infiltration of tumor cells into the healthy brain parenchyma that makes complete surgical resection of the tumor impossible. Among others, integrins are believed to play a major role in this context as they mediate the contact of the cells to the extracellular matrix (ECM) (37) . However, there are still many unanswered questions regarding the development and regulation of the invasive glioma phenotype.
The large secreted protein reelin (RELN) was discovered as a regulator of neuronal migration in reeler mice. In these mice, cortical neurons fail to reach their normal position in the cortex, resulting in an inside out layering (19) . RELN also has been shown to regulate neural precursor cell cycle exit (25) and differentiation (23) . It inhibits signaling via integrins by directly disrupting the binding of a3b1 integrin to laminin (14) and the binding of a5b1 integrin to fibronectin in a DAB1-dependent manner (41) . In addition, RELN mediates cofilin phosphorylation in neuronal cells (11) with alterations in cofilin activity exerting strong effects on glioma cell invasion (34) . In the canonical signaling cascade, APOER2 and VLDLR mediate the tyrosine phosphorylation of the intracellular adaptor protein DAB1 through RELN binding. This phosphorylation event is catalyzed by SRC family kinases and reinforced by phosphorylated DAB1 in a positive feedback loop (19) . Importantly, kinases of the SRC family are well known as important players in tumorigenesis and attractive drug targets in glioblastoma (1) , connecting RELN signaling and tumorigenesis mechanistically.
Although primarily studied in post-mitotic neurons in the central nervous system (CNS), both RELN and DAB1 are also expressed in a variety of tissues outside of the CNS (43) . In a cancer context, it has been shown that RELN is involved in the regulation of invasion and proliferation of breast cancer (36, 44) . Moreover, RELN was found to inhibit both migration and invasion of pancreatic cancer cells (39) . Silencing of reelin in these tumors (breast, pancreatic and gastric cancer) occurred via hypermethylation of the CpG island containing the RELN promoter (13, 39, 44) . Of note, also the DAB1 gene maps to a site frequently deleted in different cancers (32) .
In contrast to epithelial tumors, a role for RELN signaling has not yet been implicated in brain tumors. In a single investigation on gangliogliomas, transcriptional downregulation of DAB1 was observed but the tumors lacked DAB1 mutations (21) . Also, the data on neuroblastoma, a peripheral tumor, are controversial (4, 16) . Another study reported decreased RELN expression in various tumor types (including glioblastoma) by analyzing TCGA data (9) . This prompted us to follow up on the potential tumor suppressive functions of DAB1 and RELN in gliomas. Interestingly, it has been recently suggested that malignant gliomas can also originate from neural progenitors and/or differentiated neurons (2, 17) and DAB1 as well as RELN have been implicated in the regulation of neuronal differentiation (23, 35) . Therefore, it seemed likely that crossconnections between RELN signaling and glioma pathology might exist.
MATERIALS AND METHODS

In silico analysis
Prenormalized expression datasets from glioblastoma samples and matched clinical data were obtained from the cancer genome atlas (7) data portal (URL: https://tcga-data.nci.nih.gov). In addition, a second set of gene expression data was obtained from Rembrandt (31) and downloaded via the array express database (URL: http://www.ebi.ac.uk/arrayexpress, accession E-MTAB-3073). The Rembrandt microarrays were RMA normalized and analyzed with R ver. 3.2.1 and the affylmGUI package. Genome wide methylation (22, 46) data as well as the manufacturer's annotation for each CpG probe were obtained from the Gene Expression Omnibus (GEO) Database (URL: http://www.ncbi.nlm.nih.gov/geo, accession GSE36278 and GSE60274, platform GEO accession GPL13534). The GSEAPreranked module v5 for Gene set enrichment analysis (47) was accessed from the gene pattern server (URL: http://genepattern.broadinstitute.org) and GSEA was performed with the fold changes as calculated by DESeq2.
Clinical samples
Thirty-five snap-frozen tumor samples were selected from the tumor tissue collection of the Department of Neuropathology, HeinrichHeine-University, Duesseldorf, Germany and studied according to protocols approved by the institutional review board. It was confirmed via standard histology that all samples had a tumor content of at least 80%. Included were 12 primary glioblastomas WHO grade IV (pGBM IV), 4 secondary glioblastomas WHO grade IV (sGBM IV), 7 anaplastic astrocytomas WHO grade III (AA III) and 12 diffuse astrocytomas WHO grade II (A II). Classification as secondary glioblastoma was based on the presence of a histologically verified preceding lower grade astrocytic lesion. Non-neoplastic brain control tissues were derived from four different individuals: one from the temporal lobe of a 66-year-old male, one from the occipital lobe of a 82-year-old female and two from cortex of a 76-year-old male and a 72-year-old female, respectively. All nonneoplastic tissues were surgical specimens (snap-frozen), three with the clinical history of epileptic surgery, one with traumatic brain injury. Extraction of DNA and RNA from frozen tumor tissue was performed as has been described previously (38) . The nonneoplastic brain controls used for analysis of the mRNA expression levels in glioma cell lines were commercially available total RNA preparations derived from a 24-year-old male (BioChain, Newark, CA, USA) and a 66-year-old female (Agilent Technologies, Santa Clara, CA, USA).
cDNA synthesis and real-time PCR cDNA was synthetized from 3 mg total RNA with the super script II reverse transcriptase (Life Technologies, Carlsbad, CA) in a reaction volume of 50 ml. cDNA of 12 ng was then used in a real-time PCR performed with the Platinum SYBR green Kit (Life Technologies) in a StepOne Plus real-time PCR thermocycler (Applied Biosystems, Foster City, CA). Initial incubation was performed at 958C for 10 minutes followed by 40 cycles of 958C for 10 s and 608C for one minute. Relative expression was calculated with the DDCt method (29) . All primer sequences used are provided in Supporting Information Table 1 .
Bisulfite sequencing
Bisulfite treatment was performed as previously described (38) . Bisulfite converted DNA of 100 ng was then amplified using a HotStarTaq (Qiagen, Hilden, Germany) and the primer pairs indicated in Supporting Information Table 1 . PCR conditions are available on request. The amplified fragment is provided in Supporting Information Fig. 1 . Amplified DNA was purified with the Jet quick kit (Genomed/Thermo Fisher, Waltham, MA) and processed for Sanger sequencing on an ABI PRISMV R 377 machine (Applied Biosystems).
Cell culture
Cell lines were cultured, obtained and characterized as has been described previously (18) and cell line identity was confirmed by short tandem repeat analysis of 16 loci by CLS Cell Lines Services (Eppelheim, Germany). After thawing, cells were passaged twelve times or cultured for six weeks, respectively, at maximum. The cells were all tested negatively for mycoplasma contamination by PCR including positive and negative controls as has been described by others (33) . HEK293T cells expressing GFP or murine RELN were kindly provided by Prof. Eckart F€ orster (Ruhr University, Bochum, Germany). Cell culture and 5-Aza-2 0 -deoxycytidine and trichostatin A treatment of glioblastoma cell lines were performed as previously described (3, 18) .
RELN production
HEK-293T cells expressing murine (m)RELN (or GFP as a control) (11) were seeded at a density of 26000 cells/cm 2 in complete medium. After overnight incubation, the medium was exchanged to fresh complete medium or starving medium (no FCS, 0.1% BSA).
To remove serum remnants, the cells were washed once with the starving medium. Then, the cells were allowed to grow and secrete RELN for another 48 h. Afterwards, the supernatant was collected and residual cells were removed by centrifugation at 200 3 g for 5 minutes. For experiments with the function blocking CR-50 antibody, a mouse isotype control IgG (#5415, clone G3A1; Cell signaling technology, Danver, CO) or the CR-50 antibody (MBL, Nagoya, Japan) were added at a final concentration of 20 mg/ml.
Cloning and generation of stably transfected cells
The ORF of human full length DAB1 in pCMV-Sport6 (Thermo Fisher) was subcloned into the pIRESneo2 vector (Clontech, Palo Alto, CA). As human and mouse DAB1 are identical on the protein level within large parts of their N-terminus, the N-terminal portion containing the murine 5F sequence (20) was cloned into the pIRESneo2 vector together with the C-terminus of human DAB1. This resulted in a construct that is identical to a human DAB1-5F mutant on protein level. For the establishment of stable cell lines, U87 and U251 cells were seeded at a density of 7000 cells per cm 2 on Ø10 cm dishes (Sarstedt, Nuembrecht, Germany) and allowed to grow for 48 h. Then, the cells were transfected with 1.5 mg pIRESneo2 empty vector (EV), hDAB1-WT//pIRES-Neo2 or hDAB1-5F//pIRES-Neo2 with 12 ml of the transfection reagent Lipofectamine 2000 (Life Technologies). For the establishment of stably transfected cells, G418 (Carl Roth, Karlsruhe, Germany) was added to the medium at a concentration of 200 mg/ml (U87) to 400 mg/ml (U251) and the cells were cultured for two weeks until resistant cells emerged.
Plate coating for live cell imaging
Eight well m-slides (ibiTreat; Ibidi, Munich, Germany) were coated with 5 mg/ml fibronectin or 2 mg/ml laminin (all from SigmaAldrich, St. Louis, Missouri) for 60 minutes. Then, the coating solution was removed and the slides washed with sterile H 2 O. The laminin coated plates were allowed to dry for 45 minutes at RT. Finally, the plates were blocked with DPBS containing 0.5% bovine serum album (BSA) for 30 minutes.
Two-dimensional-migration assay
Cells were seeded at a density of 6000 cells per cm 2 on laminin or fibronectin coated 8 well m-slide dishes in CO 2 -independent medium (Life Technologies) supplemented with 5% FCS, 2 mM L-glutamine, 100 U/ml penicillin and 100 lg/ml streptomycin (Life Technologies). Cells were allowed to adhere for 6 h, two volumes of RELN or GFP conditioned CO 2 -independent medium were added and afterwards cell motility was analyzed using a Leica AF-6000 (Leica Microsystems, Wetzlar, Germany) microscope and a microscope stage incubator to keep the temperature at 378C. Pictures were taken every 20 minutes over a period of 12 h. At least 50 randomly chosen cells were tracked using ImageJ 1.47 (40) and the manual tracking plugin. Immotile cells and cells that divided during the observation period were excluded from tracking. To calculate velocity and directionality, we imported the tracking files to the chemotaxis and migration tool (Ibidi).
Proliferation assay
Cells per well of 1500 (U87) or 1000 (U251) were seeded on a 96-well plate in triplicates After 6 h, the medium was changed to starving medium, another 100 ml GFP or RELN conditioned supernatant was added and the cells were incubated at 378C and 5% CO 2 . Every 24 h, three wells per condition were labeled with 1 mM (final concentration) Hoechst 33342 for 1 h. Then, four pictures were taken with a low magnification (43) objective from randomly chosen areas of the triplicate wells and analyzed with an automated cell profiler pipeline (ver. 2.1.1) (8) to count the number of nuclei present.
Cell cycle analysis
Cell cycle analysis was performed via propidium iodide staining. After O/N starvation, cells were trypsinized and counted. Cells of 1 3 10 6 were fixed in 70% precooled ethanol for 1 h on ice. The cells were washed twice in DPBS, resuspended in staining mix (final concentration 50 mg/ml RNAseA, 40 mg/ml propidium iodide and 0.05% saponin in DPBS) and incubated for 30 minutes at 378C. Then, the cells were analyzed on a FACS CantoII flow cytometer (Becton Dickinson) and gating as well as quantification was performed with ModFit LT v3.2 (Verity Software House, Topsham, ME, USA).
Western blotting and detection of proteins
Western blotting was performed according to standard protocols. For western blot analysis, 150 000 cells were seeded on Ø1.5 cm tissue culture dishes (Sarstedt) and allowed to grow for 48 h. Primary antibodies used were DAB1 (1:1000, #3328; Cell signaling technology), p(Y220)-DAB1 (1:1000, #3327; Cell signaling technology), caspase-3 and cleaved caspase-3 (1:1000, #14220, clone D3R6Y; Cell signaling technology), p(S491)-DAB1 (ab5776, Abcam, Cambridge, UK) and tubulin as a loading control (1:10 000, clone DM1A; Sigma-Aldrich, St. Louis, MO). Anti-rabbit or anti-mouse IgG linked to horseradish peroxidase (Santa Cruz, Dallas, Texas) were used as secondary antibodies (1:10 000 dilution). After development with picoluminescence substrate (Thermo Fisher) quantification was performed on a LAS4000 imaging system (GE healthcare, Munich, Germany) using the ImageQuant TL ver. 7.0 software (GE healthcare). For Reln immunohistochemistry, we used the antibody clone E-5 (#sc-25346, Santa Cruz Biotechnology, Dallas, Texas) following a standard protocol (1:50 dilution, overnight incubation, 5 minutes heatinduced antigen retrieval).
Mass spectrometry
Total cellular protein lysates were prepared and subjected to labelfree quantification by SWATH-MS as published previously (42) . Briefly, 100 mg of protein was subjected to tryptic digestion using the FASP-protocol (50) . Six aliquots (1 mg each) of the pooled protein digests were used for generation of the SWATH-library using an 88 minutes-LC-gradient and a TOP40 IDA-method; database searches were conducted with ProteinPilot 4.5 against the Uniprot database (human). SWATH-MS-runs were accomplished with 1 mg of the individual protein digests using the same LC-gradient and SWATH-windows of 15 Da width (total m/z range 400-1000). In total, 1950 proteins were quantified using PeakView 2.1. Differential abundance of proteins was calculated based on non-normalized protein counts with DESeq2 (30).
Proteome profiler assay
The phosphorylation of 43 different kinases and the amount of two related proteins was detected with the proteome profiler assay (R&D Systems, Minneapolis, MN). Cells were grown and stimulated with GFP or mRELN as described above. The assay was performed according to the manufacturer's instructions. The chemiluminescent signal was detected with a LAS4000 imaging system (GE healthcare).
DuoSet IC ELISA
Commercially available ELISA assays (R&D Systems) for STAT3(Y705) and ERK1(T202/Y204)/ERK2(T185/Y187) were performed according to the manufacturer's instructions. Briefly, 96-well ELISA plates (R&D Systems) were coated with capture antibody (diluted 1:180) in PBS. On the next day, the plates were blocked with BSA in PBS, washed with washing buffer (0.05% Tween-20 in PBS) and cell lysates were incubated for 2 h at RT on the plates. Afterwards, the plates were washed again and detection antibody was added (1:36 diluted). Then, streptavidin-HRP was added for 20 minutes at RT. After washing, a commercially available substrate solution (R&D Systems) was added and the reaction was stopped after 20 minutes with 2N H 2 SO 4 .
Data analysis
All analyzes were performed with GraphPad Prism 4.0 or higher and R ver. 3.2.1. If not otherwise indicated, two-tailed t-tests were used for statistical analysis. We only proceeded with post-tests if the ANOVA or Kruskal-Wallis test indicated significant differences between groups (P < 0.05).
RESULTS
RELN pathway gene expression is correlated with glioblastoma subtypes and shorter overall survival
Analysis of agilent gene expression microarrays from the TCGA database (7) revealed that RELN is significantly upregulated in the G-CIMP and neural as compared to the classical and mesenchymal glioblastoma gene expression subtype (49) . In line with this finding, RELN was significantly related to IDH1 mutational status in the TCGA dataset (Bonferroni corrected two-sided Mann-Whitney test, P 5 0.036) but not to mutations in EGFR, TP53, PTEN, PIK3CA, PIK3R1, RB1 or NF1 (Supporting Information Fig. 1 ). Of note, RELN mutations themselves were also detectable in a significant number of glioblastoma (7.89%), underscoring that RELN is altered in this tumor type. For DAB1, upregulation was only present in the neural subtype (Kruskall-Wallis test followed by Dunn's multiple comparison test, significant changes are indicated; Figure 1A ,B). The upregulation of RELN and DAB1 in the neural subtype was confirmed by analysis of another large glioblastoma cohort from Rembrandt ( Figure 1E ,F) (31) .
When the gene expression data were combined with clinical data and patients divided by the median into a low and a high expression subgroup, both high DAB1 and high RELN expression were significantly correlated with increased overall survival in glioblastoma patients in the TCGA dataset (Log-rank (Mantel-Cox) test, P 5 0.0026 (RELN) and P 5 0.0069 (DAB1); Figure 1C ,D). Importantly, RELN remained significantly (P < 0.05) associated with survival in a Cox proportional-hazards regression model that contained G-CIMP status, DAB1 expression as well as age (below or above 50) as variables. Survival correlations could be confirmed in the Rembrandt dataset for RELN. High RELN expression was significantly correlated with longer overall survival (Log-rank (Mantel-Cox) test, P 5 0.0002; Figure 1G ). For DAB1, there was only a trend toward longer overall survival in the high expression subgroup ( Figure 1H ).
RELN expression in glioblastomas is silenced by promoter methylation
The genomic region around the RELN transcription startsite (6 2kb) contains a large 2kb CpG island as predicted by the CpG island finder software (URL: http://dbcat.cgm.ntu.edu.tw). We designed primers that amplify the part of the CpG island spanning the transcription start site (TSS) (Supporting Information Fig. 2 ). We analyzed two publicly available datasets that used the Illumina 450k bead array for methylation analysis and additionally contained non-neoplastic brain tissue. We found that the CpGs that are annotated to the RELN gene and that lie within the CpG island (according to the Illumina annotation) are significantly hypermethylated in glioblastoma samples as compared to non-neoplastic brain. In contrast, several CpGs in the gene body (including the first exon and 3-prime UTR according to Illumina annotation) of RELN were hypomethylated ( Figure 2A ). Own bisulfite sequencing of the region around the transcription start site revealed that RELN is heavily hypermethylated in glioblastoma and that the methylation status is positively correlated with malignancy grade (Supporting Information Table 2 ). Hypermethylation of the RELN promoter was significantly more often found in glioblastomas as compared to WHO grade II and WHO grade III astrocytomas (P < 0.001 and P < 0.05, respectively, Fisher's exact test; Figure 2B ). The RELN promoter was also nearly completely methylated in glioblastoma cell lines in vitro and treatment with the demethylating agent 5 0 -Azacytidine (in combination with trichostatin A) led to a reduction in promoter methylation (Supporting Information Table 3 ). Consequently, the same treatment regimen led to a strong reexpression of RELN in glioblastoma cell lines ( Figure 2C ). As such, there is compelling evidence that RELN in glioblastoma tissues and cell lines is silenced epigenetically by promoter hypermethylation.
RELN and DAB1 expression is correlated with malignancy grade in gliomas and tissue expression levels are retained in vitro
Real-time PCR analysis of an own panel of astrocytic tumors of different WHO grades showed that both RELN and DAB1 are strongly downregulated on the mRNA level and that the RELN receptors, VLDLR and APOER2, are upregulated as compared to non-neoplastic brain tissue. In addition, both RELN and DAB1 expression were inversely correlated with tumor grade and significantly lower in glioblastomas as compared to WHO grade II astrocytomas (Kruskal-Wallis test followed by Dunn's multiple comparison test, significant changes are indicated; Figure 3A) . Loss of Reln expression in tumor cells was also confirmed on the protein level by immunohistochemistry although significant intraas well as intertumoral heterogeneity could be observed (Supporting Information Fig. 3 ).
To establish a suitable model system for in vitro experiments, we screened seven classical glioblastoma cell lines as well as four stem-like cell lines for RELN and DAB1 expression via real-time PCR (Figure 3C,D) . Non-neoplastic brain tissues were used as controls. Consistent with the data from the tissue samples ( Figure 3A) , expression of both genes was absent or low in all glioblastoma cell lines (classical and stem-like cells). We thus decided to make use the classical cell lines for our further experiments. As classified by ssGSEA, all classical cell lines tested corresponded to either the classical or mesenchymal expression subtype ( Figure 3B ). Also congruent with the tissue data, the expression of APOER2 was high in the glioblastoma cell lines as compared to non-neoplastic brain tissue ( Figure 3E ). The expression of VLDLR was highly variable in glioblastoma cell lines ( Figure 3F ). We also reanalyzed previously obtained next generation sequencing data of our cell lines (18) to check if any other ligands for the receptors VLDLR and APOER2 were expressed. Indeed, THBS1 and Clusterin were highly expressed (RPKM > 10, Figure 3G ).
We then decided to construct an expression system in which DAB1 overexpression was driven from a pCMV promoter followed by an IRES sequence. DAB1 overexpressing cells were selected by adding G418 to the cell culture medium. A DAB1 mutant was used as an additional control. This mutant (5F) has all five tyrosine residues mutated to phenylalanine that are phosphorylated following RELN stimulation (20) . Interestingly, we observed varying abundance of DAB1-WT proteins of different length in U251 and U87. While in U87 the predominant band was visible at 60 kDa for both DAB1-WT and 5F, in U251 the predominant band of the DAB1-WT protein was visible at 45 kDa. We checked that Survival curves were compared with a logrank (Mantel-Cox) test. For survival analyzes, samples were divided by the median expression into the low (red line) and high expression (black line) subgroup. Significant changes are indicated (* 5 P < 0.05, ** 5 P < 0.01, *** 5 P < 0.001, **** 5 P < 0.0001). A. RELN expression is low in the mesenchymal and classical subtype and highest in the neural and G-CIMP subtype in the TCGA dataset (Agilent platform). B. DAB1 expression is significantly lower in the mesenchymal and classical subtype than in the neural subtype in the TCGA dataset. C. High RELN expression is correlated with longer overall survival in the TCGA dataset. D. High DAB1 expression is correlated with longer overall survival in the TCGA dataset. E. RELN expression is significantly lower in the mesenchymal and classical subtype than in the neural subtype in the Rembrandt dataset (Affymetrix platform). F. DAB1 expression is low in the mesenchymal and classical subtype and highest in the neural subtype in the Rembrandt dataset (probe set 228329_at). G. High RELN expression is correlated with longer overall survival in the Rembrandt dataset. H. High DAB1 expression (probe set 228329_at) is correlated with longer overall survival in the Rembrandt dataset. Although not significant, there is a strong trend toward longer overall survival in the DAB1 high expression subgroup. the different cell lines had integrated full length DAB1-WT and DAB1-5F at equal levels by semi-quantitative PCR as integration artifacts could have potentially caused the length differences. For this assay, we designed the primers in a way that one pair covers the five-prime and one pair covers the three-prime border of the insert. We quantified if the five-prime to three-prime ratio is altered in one of the cell lines what was not the case. The integration of both full-length constructs was equally efficient in U251 and U87. In addition, we amplified the full-length DAB1-WT and DAB1-5F inserts from genomic DNA and verified that they did not contain any mutations (Supporting Information Fig. 4) . Thus, it appears most likely that phosphorylation-dependent processing of DAB1-as already described in neuronal cells (6)-might account for the observed differences in western blotting.
Proteomics identifies E2F targets as well as ERK1/2 and STAT3 phosphorylation as downstream mediators of RELN signaling
To identify possible effects of RELN and DAB1 deregulation, we subjected U87 cells expressing DAB1-WT or DAB1-5F to RELN stimulation for 1 h and quantified both protein abundance and phosphorylation status of proteins. The abundance of few individual proteins changed significantly (P-adj.<0.1) comparing DAB1-WT expressing with non-WT (empty vector and 5F) expressing cells (Supporting Information Table 4 ). No additional changes were observed on RELN stimulation. Interestingly, on a pathway level, E2F target gene sets were significantly downregulated in the U87-DAB1-WT group as compared to empty vector or 5F cells (GSEA; Figure 4A ,B). Significantly hypermethylated CpGs in glioblastoma (GBM) in comparison to non-neoplastic brain tissue (NB) (adj. P < 0.05) are indicated in red, significantly hypomethylated CpGs in green (adj. P < 0.05) and CpGs with no change in white. Hypermethylation is more pronounced in the receptor tyrosine kinase (RTK) II (corresponding to the classical subtype from the TCGA) and mesenchymal subtype that also show reduced RELN mRNA levels. B. Bisulfite sequencing of the RELN promoter reveals frequent hypermethylation in glioblastoma (also compare Supporting Information Table 2 ). Hypermethylation is positively correlated with malignancy grade. Significant changes between WHO grades (A II 5 diffuse astrocytoma, AA III 5 anaplastic astrocytoma, GBM 5 glioblastoma) are indicated (* 5 P < 0.05, ** 5 P < 0.01, *** 5 P < 0.001, **** 5 P < 0.0001; Fisher's exact test). C. In addition, the proteome profiler array that measures the phosphorylation level of a number of kinases, indicated that phosphorylation of STAT3, MAPK and p27 in U87 cells were all lower in DAB1 expressing cells and that this effect was potentiated by RELN stimulation and statistical analysis indicated significant differences between groups for all four phosphoproteins (one-way ANOVA, Figure 4C-F) . The expression of DAB1-WT and -5F protein and the effectiveness of RELN stimulation was controlled by western blotting ( Figure 4G) . Results of the proteome profiler were then confirmed by ELISA in all Figure 3 . Classical glioblastoma cell lines recapitulate the changes found in glioblastoma tumor tissue. A. Real-time PCR of RELN, DAB1, VLDLR and APOER2 in astrocytic tumors of different grades (A II: n 5 11; AA III: n 5 6; GBM IV: n 5 9) relative to four non-neoplastic brain samples (set to 1). Shown are means 1 SD. RELN expression is inversely correlated with tumor grade and significantly higher in WHO grade II astrocytomas than in glioblastomas. All significant changes between WHO grades are indicated (* 5 P < 0.05, ** 5 P < 0.01, *** 5 P < 0.001, **** 5 P < 0.0001; Kruskal-Wallis test followed by Dunn's multiple comparison test). B. GSEA prediction of the glioblastoma subtype of the cell lines based on next generation sequencing data. All cell lines tested belong to the mesenchymal or classical subtype. C-F. Real-time PCR of RELN (C), DAB1 (D), VLDLR (E) and APOER2 (F) expression in different glioblastoma cell lines as compared to non-neoplastic brain tissue (NB). ARF1 was used as an internal control. G. Expression of different APOER2 and VLDLR ligands based on next generation sequencing data. While clusterin (CLU) and Thrombospondin1 (THBS1) are expressed in different glioblastoma cell lines, RELN and APOE are not expressed in vitro. stable cell lines ( Figure 5 ). In U87, there was a highly significant reduction of both ERK1(T202/Y204)/ERK2(T185/Y187) and STAT3(Y705) phosphorylation in DAB1-WT cells (both RELN and GFP-stimulated) as compared to empty vector cells treated with GFP (P < 0.001 or <0.01, one-way ANOVA followed by Dunnett's post hoc test of all conditions vs. empty vector 1 GFP). Also, in U87 and U251 cells, ERK1/2 activity was significantly reduced in empty vector and DAB1-5F transfected cells stimulated with RELN as compared to empty vector cells treated with GFP (P < 0.01 and P < 0.001, one-way ANOVA followed by Dunnett's post hoc test of all conditions vs. empty vector 1 GFP). For STAT3 in U251, there was no difference in protein phosphorylation after RELN stimulation, but even a slight increase in WT-GFP cells as compared to EV-GFP cells. Thus, overlappingly between both cell lines we found a reduction in ERK1/2 phosphorylation following RELN stimulation. Importantly, this effect could be rescued by the function blocking CR-50 antibody, indicating its RELN-specificity (Supporting Information Fig. 5 ).
Activation of RELN signaling leads to a reduction in proliferation but does not affect chemosensitivity
Activation of the DAB1/RELN signaling axis led to significantly decreased cell numbers on day four and five in both U251 and U87 cells expressing DAB1-WT with or without RELN stimulation (repeated measures, two-way ANOVA with Bonferroni corrected post-test, P < 0.001, Figure 6A ,B). The DAB1-5F mutant did not achieve comparable effects to DAB1-WT overexpression, strongly arguing for the fact that RELN stimulated tyrosine phosphorylation is important to convey DAB1 inhibitory effects on proliferation. Only in U87 cells, there was a significant decrease in cell numbers on day five when EV 1 GFP cells were compared to 5F 1 RELN cells (repeated measures, two-way ANOVA with Bonferroni corrected post-test, P < 0.05). Together with the observation that RELN stimulation itself in DAB1-WT cells was not able to reduce the proliferation further, it thus may not be excluded that other ligands contribute to influence this pathway in vitro, too. We analyzed if this change in proliferation is because of senescence, apoptosis or alterations in the cell cycle in U251 cells. There was no sign of senescence in our stable cell cultures as analyzed by ß-galactosidase staining (data not shown). In addition, the cleaved form of caspase-3 was undetectable. In contrast, the amount of cells in G2/M was increased significantly in DAB1-WT as compared to empty vector transfected cells (two-way ANOVA followed by Bonferroni corrected posttests, P < 0.001, Supporting Information Fig. 6 ). There was no significant difference between DAB1-5F and empty vector transfected cells.
The antiproliferative effects of RELN could also be stated in a different fashion. We speculated that adding recombinant RELN to the supernatant of a cell line that expresses at least some DAB1 should select for cells with lower DAB1 expression. We used the U118 cell line for this experiment as it showed the highest endogenous DAB1 expression ( Figure 3D ). Indeed, after long-term stimulation with RELN-conditioned medium for three weeks, U118 cells showed a significantly lower DAB1 expression as compared to U118 cells cultured in control (GFP-) conditioned medium ( Figure 6D ).
As DNA damage signaling is known to be influenced by E2F targets (12) and others have reported an influence of RELN on chemoresistance (28), we also assessed chemoresistance following RELN/DAB1 manipulation. However, we could not observe any change in chemoresistance of U87 cells to lomustine ( Figure 6C ). DAB1 expression and effectiveness of RELN stimulation were controlled by routine western blotting.
RELN has both DAB1-dependent and DAB1 tyrosine phosphorylation independent effects on cell migration
We studied tumor cell migration following DAB1-WT and -5F overexpression in our two cell lines (U251 and U87) under two different matrix conditions (fibronection and laminin) (Figure 7A-D) . Across both cell lines and matrix conditions RELN-stimulated DAB1-WT cells had markedly reduced migration in comparison to empty vector (GFP) and 5F (GFP) cells. These comparisons were concordantly significant in U251 cells on fibronectin and laminin and on U87 cells on laminin. U87 RELN-stimulated DAB1-WT cells on fibronectin showed significantly lower migration in comparison to 5F (GFP) cells and still a trend toward reduced migration in comparison to empty vector (GFP) cells (one-way ANOVA, followed by Tukey's multiple comparison test, P < 0.05 for all significant comparisons). Thus, these findings argue for strong DAB1 tyrosine phosphorylation dependent suppressive RELN effects on glioma cell migration. Groups were compared with one-way ANOVA followed by Dunnett's post hoc test. Significant changes are indicated (* 5 P < 0.05, ** 5 P < 0.01, *** 5 P < 0.001, **** 5 P < 0.0001). Shown are means 1 SD, n 5 3. DAB1-WT expressing U87 cells show reduced Phospho-STAT3 and Phospho-ERK1/2 levels under control (GFP stimulation) conditions. In DAB1-WT cells, RELN treatment reduces the phoshorylation further. In U251 cells, there is a RELN-induced reduction of ERK1/2 phosphorylation that is DAB1 (tyrosine phosphorylation)-independent. In contrast to U87 cells, in U251 RELN does not alter the phosphorylation levels of STAT3(Y705), suggesting cell line-specific effects of RELN on STAT3 activity.
Interestingly, we also observed DAB1 (tyrosine phosphorylation)-independent RELN effects: There was a significant decrease in migration comparing U87 5F (RELN) to U87 5F (GFP) cells on fibronection (one-way ANOVA, followed by Tukey's multiple comparison test, P < 0.05). A similar (although non-significant) trend was observed-independently of the matrix condition used-in both cell lines not only for the comparison 5F (RELN vs. GFP-stimulated) but also for the comparison empty vector (RELN vs. GFP-stimulated). Overall, particularly when considering the U251 experiments on fibronection, it appeared that the DAB1 (tyrosine phosphorylation)-independent RELN effects were lower in U251 than in U87. Importantly, the reduction of velocity could be rescued by addition of CR-50, again indicating that the observed effect is RELN-specific. DAB1 expression and effectiveness of RELN stimulation were controlled by routine western blotting (Figure 7E,F; representative example).
In addition, we checked if DAB1 or RELN regulate the expression of the adhesion molecules ITGA3, ITGA5, ITGB1, FAK or PXN (paxillin). However, there was no consistent significant difference between the empty vector cells and (RELNtreated) DAB1-transfected cell lines (one-way ANOVA followed by Dunnett's post hoc test, Supporting Information Fig. 7 ).
DISCUSSION
The reelin signaling pathway plays a pivotal role in brain development by regulating neuronal migration and cortical layering (19) . In contrast to these physiological functions, the role of reelin signaling in glioblastoma had not yet been investigated. We here can show that the RELN gene is silenced via promoter hypermethylation in glioblastoma tumors and cell lines, a mechanism that had also been observed in breast, pancreatic and gastric cancers (13, 44) . Importantly, we found that DAB1 expression was also strongly reduced in high-grade brain tumors. This suggests that downregulation of RELN in brain tumor cells alone is not sufficient to inactivate the pathway. It is well possible that either RELN from the surrounding healthy brain parenchyma and/or other ligands can bind to the RELN receptors APOER2 and VLDLR, activate DAB1 and thereby exert effects on the tumor cells. Indeed, it had been shown that thrombospondin 1, clusterin or ApoE can all bind to APOER2 and VLDLR and interfere with RELN in vitro and in vivo (5, 27) . Our in vitro findings suggest that particularly thrombospondin 1 is expressed by glioma cells.
We next assessed the correlation of RELN and DAB1 expression with WHO grade, glioblastoma expression subtype and overall survival. RELN and DAB1 expression were significantly inversely associated with WHO malignancy grade. Moreover, Figure 6 . Activation of RELN signaling inhibits cellular proliferation. A, B. Proliferation assay in U87 (A) and U251 (B) cells stably expressing DAB1-WT or DAB1-5F stimulated with supernatants from HEK293T cells expressing mRELN or GFP as a control. The influence of DAB1-WT expression on the cell number with or without RELN stimulation was highly significant (repeated measures, two-way ANOVA followed by Bonferroni corrected post-tests, P < 0.001 on day 4 and 5). Shown are means 6 SD, n 5 3. C. DAB1 expression and RELN treatment do not alter resistance toward the chemotherapeutic agent lomustine. Neither RELN treatment nor DAB1 expression did influence the IC50 of U87 cells toward lomustine, n 5 2. D. DAB1 expression is strongly decreased in U118 cells after long-term treatment with mRELN. The expression was measured via real-time PCR. Shown are means 1 SD, n 5 3.
high RELN transcriptional levels were associated with significantly longer overall survival in large glioblastoma patient cohorts. This suggests the RELN/DAB1 signaling axis as a novel candidate diagnostic and prognostic marker and potential therapeutic target. Interestingly, when comparing the expression of RELN and DAB1 between the different transcriptional glioblastoma subtypes (49) highest expression levels were observed in the neural subtype. This is in accord with the physiological function of RELN signaling as the neural expression subtype is suggestive of cells with a differentiated phenotype and typified by the expression of neuron markers, such as NEFL, GABRA1, SYT1 and SLC12A5 (49) . Groups were compared with one-way ANOVA followed by Tukey's multiple comparison test. Significant changes are indicated (* 5 P < 0.05, ** 5 P < 0.01, *** 5 P < 0.001, **** 5 P < 0.0001). Shown are means 1 SEM, n 5 2-3. A, B. Velocity of U251 cells on fibronectin (A) and laminin (B). DAB1-WT expressing cells that are stimulated with RELN migrate markedly slower than cells expressing the inactive 5F mutant or EV transfected cells. There is a trend toward slower overall migration after RELN stimulation on laminin also in EV and 5F cells, indicative of DAB1 (tyrosine phosphorylation)-independent effects on cell migration. C, D. Velocity of U87 cells on fibronectin (C) and laminin (D). On fibronectin, DAB1-WT expressing cells that are stimulated with RELN migrate markedly slower than GFPstimulated cells expressing the inactive 5F mutant or EV-transfected cells. On laminin, RELN stimulated DAB1-WT cells show a significantly slower migration in comparison to 5F (GFP) cells and still a trend toward reduced migration in comparison to empty vector (GFP) cells. In addition, RELN stimulated 5F cells migrate significantly slower on fibronectin than GFP-stimulated cells and there is a trend toward slower overall migration after RELN stimulation on laminin and fibronectin for 5F and EV cells, indicative of DAB1 (tyrosine phosphorylation)-independent effects on cell migration. E, F. Western blot of DAB1 protein and P-DAB1 Y220 in U87 (E) and U251. (F). While in U87 the predominant band is visible at 60 kDa for both DAB1-WT and 5F, in U251 the predominant band of the DAB1-WT protein is visible at 45 kDa, indicating higher basal activity of RELN signaling in U251 cells.
In light of Reelin's physiological function, it is somewhat astonishing that the potential association between RELN signaling and brain cancer pathology had not yet been systematically assessed. This might be caused by hindrances in modelling this pathway, that is, the cumbersome size of the RELN protein, the low expression of RELN (and DAB1) in most glioma cell lines and the lack of vector constructs to overexpress human reelin in glioma cells. On account of these limitations and the simultaneous downregulation of DAB1 in glioblastomas described above, for our functional analyzes we decided to take an approach in which DAB1 was stably overexpressed in two different qualities: (i) as DAB1-WT with the full functionality of the DAB1 protein and (ii) DAB1-5F mutant with point mutations at all five Dab1 tyrosine phosphorylation sites (Tyr185, tyr198, Tyr200, Tyr220 and Tyr232). This DAB1-5F mutant has been previously well characterized and is devoid of all RELN-mediated tyrosine phosphorylation-dependent downstream signaling effects (20) . Empty vector cells served as an additional control. As such, we were able to assess the common final signaling pathway with and without reelin stimulation but also completely free of endogenous RELN effects (5F-mutant and CR-50 blocking antibody experiments).
In this experimental setting, we observed major effects on RELN/DAB1 signaling on glioma cell proliferation and migration. DAB1-WT overexpression led to a significant decrease in proliferation and this effect was RELN-dependent as it could not be observed in cells expressing the DAB1-5F mutant. Consistently with this finding, E2F signaling was the major pathway altered in our proteomic screen comparing DAB1-WT and DAB1-5F expressing U87 cell lines. E2F transcription factors are important regulators of cell cycle progression (15) . They are also known to be frequently altered in glioblastoma, as for example mediated by other well-known molecular alterations like RB1 mutations, CDK4 amplification or CDKN2A deletion (7, 49) . Our findings therefore describe a new mechanism of E2F control, previously probably not observed because of the fact that RELN signaling via DAB1 was examined mostly in post-mitotic neurons.
In addition, we described cell line-specific effects of RELN signaling on ERK1/2 as well as on STAT3 activity. In U87, DAB1 expression and RELN stimulation were able to reduce ERK1/2 and STAT3 activity. Moreover, short term RELN stimulation after medium exchange was able to reduce ERK1/2 activity in both U251 and U87 cells. As U251 DAB1-WT cells in the proliferation assays grew nonetheless much slower after longer (3-5 days) growth factor removal and ERK and STAT3 phosphorylation were not reduced in these cells, we speculate that alternative ligands, secreted factors or adaptive responses to growth factor removal may trigger this behavior. In contrast to neuronal migration, where alterations in p-cofilin levels after RELN stimulation have been reported (10, 11), we could not find any change in p-cofilin to the total cofilin ratio or a qualitative change in the actin cytoskeleton (data not shown).
Nevertheless, functionally we observed a relevant impact of RELN/DAB1 signaling on glioma cell migration. This suggests that RELN acts only in small areas of the cell (precluding the analysis of a quantitative phenotype) or by a cofilin-independent mechanism, for example by regulation of N-WASP (48) . In our rather elaborated setting of migration assays involving different DAB1-overexpressing clones under different matrix conditions with and without RELN stimulation, the most consistent finding was a significant negative impact of RELN-dependent DAB1 activation on tumor cell migration. However, as outlined above, we also observed DAB1 (tyrosine phosphorylation)-independent RELN effects and these appeared to be gradually different between the cell lines (less pronounced in U251 on fibronectin than in U87). Although both lines are PTEN-deficient (26), they differ in their expression subtype and p53 status what might account for the cellline specific differences. More importantly, U251 (in comparison to U87) also contains a much higher content of thrombospondin (Figure 3G) . Thus, alternative ligand binding might mitigate the DAB1 (tyrosine phosphorylation)-independent RELN effects in U251 cells. As thrombospondin has also been described to specifically bind to fibronectin, this interaction might additionally account for the slightly different migrational behavior of U251 cells on this specific matrix (24) . We highlight this example here to underline the advantage of our approach studying RELN signaling by mainly comparing DAB1-WT and DAB1-5F cells over an approach solely relying on stimulation with recombinant RELN. The latter approach may be more prone to uncontrolled interference with endogenous alternative ligand binding and might thereby obscure distinct results.
In summary, we show that the canonical RELN signaling cascade via DAB1 exerts tumor suppressive functions and is a yet unknown barrier to cellular transformation in gliomagenesis. These effects are mediated via suppression of E2F activity by the DAB1-WT protein and harbor strong prognostic implications. Our findings might thereby unearth novel, yet unrecognized treatment options in glioblastomas. Figure 1 . Analysis of RELN expression and recurrent mutations in GBM. While there is no significant difference between EGFR-, NF1-, TP53-, PIK3CA-, PIK3R1-, PTENand RB1-mutant vs. wildtype (WT) tumors, there is a small but significant difference between IDH1-mutant and WTtumors (Bonferroni corrected two-sided Mann-Whitney test, P < 0.05). The five-prime PCR product is located in the CMV promoter, followed by the DAB1 full length ORF. The three-prime product is amplified from a site between the ORF and the IRES site. B) Semiquantitative PCR of the regions flanking the DAB1-WT and DAB1-5F expression construct on the three-prime and fiveprime end. All cell lines tested show integration of the fulllength construct at an equal level. M, Marker (100 bp DNA ladder plus); 1, positive control (20 ng DAB1-WT DNA construct); 2, negative control (ultrapure water). A-F, Five-prime region PCR of stably transfected U87MG and U251 cell lines: A, U87-MG 1 EV; B, U87-MG 1 DAB1-WT; C, U87-MG 1 DAB1-5F; D, U251 1 EV; E, U251 1 DAB1-WT; F, U251 1 DAB1-5F. G-L, PCR of the three-prime region from stably transfected U87-MG and U251 cell lines: G, U87-MG 1 EV; H, U87-MG 1 DAB1-WT; I, U87-MG 1 DAB1-5F; J, U2511 EV; K, U251 1 DAB1-WT; L, U251 1 DAB1-5F. C) Quantification of the PCR as shown in -B). The fluorescence intensities were calculated as ratio of the five-prime PCR intensity divided by the three-prime PCR intensity. 1, positive control A, U87-MG 1 EV; B, U87-MG 1 DAB1-WT; C, U87-MG 1 DAB1-5F; D, U251 1 EV; E, U251 1 DAB1-WT; F, U251 1 DAB1-5F. D) PCR of full length DAB1 inserts. M, Marker (100 bp DNA ladder plus); A, U87-MG 1 DAB1-WT; C, U87-MG 1 DAB1-5F; D, U251 1 DAB1-WT; E, U251 1 DAB1-5F. Figure 6 . A) Cell cycle distribution of stably transfected U251 cells. While the fraction of cells in G1 is significantly reduced, the fraction of cells in G2/M is significantly increased in DAB1-WT expressing cells as compared to empty vector cells (two-way ANOVA followed by Bonferroni corrected posttests, P < 0.001). In contrast, there are no significant differences between empty vector and DAB1-5F expressing cells. B) Caspase 3 western blot analysis in U251 cells. Only full-length caspase 3 can be detected in all stable cell lines, while cleaved caspase 3 is absent. Figure 7 . Real-time PCR analysis of the adhesion molecules PXN, FAK, ITGA3, ITGA5 and ITGB1. Shown are means 1 SD, n52. There was no consistent significant difference between the empty vector cells and (RELN-treated) DAB1-transfected cell lines (one-way ANOVA followed by Dunnett's post hoc test, all conditions vs. empty vector 1 GFP). Table 1 . Primers used for bisulfite sequencing and real-time PCR analyses. Table 2 . Overview of the methylation status (1/-), the methylation score and the methylation pattern of RELN as detected by direct sodium bisulfite sequencing of the RELN promoter region (CpGs sites in Supporting Information Fig. 1 ). mRNA expression levels are also provided. Allmost all glioblastomas show hypermethylation of the RELN promoter (for % samples hypermethylated in the different WHO grades compare Fig. 2B ). For promoter methylation scoring, the CG sites were first semiquantitatively assigned to the categories unmethylated (no cytosine detectable, 50), weakly methylated (peak for cytosine detectable, but smaller that thymine, 51), moderately methylated (C and T at equal amounts detectable, 52) and strongly methylated (thymine peak smaller than cytosine, 53). Then, the scores for each individual sample were summed across the whole investigated CpG site to determine the overall methylation score. Tumors with a score 22 were considered as hypermethylated (1), tumors with a score <22 as not hypermethylated (-) compared to the non-neoplastic controls. Table 3 . Methylation analysis of the RELN promoter after 5-Aza-2 0 deoxycytidine treatment in different cell lines. Treatment with 5-Aza-2 0 deoxycytidine in combination with trichostatin A reduces the methylation in all cell lines, although significant methylation still remains. Table 4 . Differentially abundant proteins as identified by DESeq2 at P-adjusted < 0.1. Proteins that are less abundant in DAB1-WT cells are labeled in green, whereas proteins that are more abundant in DAB1-WT cells are shown in red.
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